The synthesis and structure of a new, highly augmented {Cu2} 'paddlewheel'-based metal-organic framework (MOF) that is stabilized by tritopic benzoate ligands is reported. The structure adopts an uncommon, less-symmetrical (3,4)-connected net topology and represents a rare framework isomer of the extensively studied {Cu2}-based pto and tbo analogues. The concomitant formation of three isomeric forms using {Cu}2-'paddlewheel' complexes and a single triangular, tri-functional ligand is unique and stems from the rotational flexibility of the benzoate moieties. Computational analyses support the structural studies and underline that this observed net topology can give rise to an exceptionally high surface area (>3500 m 2 /g), despite the triple-interpenetrated nature of the compound.
Introduction
Metal-organic frameworks (MOFs) represent a unique class of coordination compounds whose structural, chemical and electronic characteristics promote applications in diverse areas of science. [1, 2] MOFs are regarded as potentially applicable materials for gas storage, gas separation, fuel gas conversion or catalysis. [1,2a,b] Advantageous characteristics include porosity, exceptionally high surface areas (up to 7000 m 2 /g), high densities of active sites per volume and high diffusion coefficients.
[3]
Also remarkable are their structural and constitutional diversities, their amenability to modification of both their organic and inorganic components and control over topology and cavity sizes. [1, 2] This latter preparative control distinguishes MOFs from many other classes of coordination compounds. Their assembly processes can be rationalized considering topological aspects of inorganic and organic nodes [4] to produce 'default' nets that often relate to purely inorganic structure types (reticular synthesis concept). [4a] Attention has recently also been directed to polymorphism or framework isomerism of MOFs, [5] as compounds with identical framework composition give rise to distinctively different cavity geometries thus influencing the performances of the MOFs in diverse applications (i.e. catalysis whereby different pore geometries might give rise to shape-selectivity).
[6] MOFs composed of square and triangular nodal topologies are well-known to produce two edge-transitive topologies that can be described by the symbols tbo and pto according to the RCSR notation and relate to the purely inorganic, solid state structures of platinum oxide or the twisted boracite. [7] Of particlar interest in this context are {Cu}2-'paddlewheel'-based secondary building units whose tbo/pto-type MOFs provide one of the largest family of MOFs represented in scientific publications. [8] Representative examples of MOFs with tbo topology are HKUST-1, [9] PCN-6/6' [10] and MOF-399. [7a] pto-Type networks occur for instance in MOF-14, [11] MOF-143/DUT-34 [7a,12] and MOF-388. [7a] However, when considering the square and triangular geometries of organic and inorganic SBUs, one can expect that their assemby can lead to other 'default' nets. A topological consideration to classify and enumerate the special class of A3X4-stoichiometric compounds in which each 3-connected node is connected to three 4-connected nodes and vice-versa (each 4-connected node to four 3-connected nodes), includes early approaches by Wells. [13] However, considering the reported MOFs and considering current entries in the RCSR and EPINET databases, one can predict only a very limited number of augmented topological A3X4-type MOF isomers composed of 4-connected square/rectangular and triangular tritopic linkers. [12] Under this purview, Klein et. al. predicted the synthesis of a MOF which is classified by the EPINET notation as the sqc5590 net. [12] However, paddlewheel-based MOFs of this toplogy have, to the best of our knowledge, not been observed or isolated.
Results and Discussion
We previously used the trifunctional ligand 1,3,5-benzenetrisethynylbenzoic acid (BTEB) to prepare pto-and tbo-type MOFs, TCM-4 and TCM-8, whose topologies give rise to exceptionally high surface areas. [14] Here we demonstrate that Crystals of TCM-10 were separated manually and single-crystal X-ray diffraction analysis demonstrates that the compound crystallises in the monoclinic space group P21/c. The phasepurity of the sample of TCM-10 was confirmed by powder X-ray diffraction (Supporting Information). The results of the singlecrystal structure analysis reveal that TCM-10 is composed of triply interpenetrated frameworks which contrasts the dual framework structures of TCM-4/8. The analysis clearly underlines that TCM-10 represents an isomeric form of the pto and tbo nets in TCM-4/8, however, one may note that the topology differes from that of the initially predicted sqc5590 net. Figure 1 ). In both cases the organic ligands adopt C3 symmetry. Thus, the here presented MOF is not isoreticular to HKUST-1 or MOF-14 and may be regarded as an isomeric 'intermediate' between the tbo and pto topologies.
[8], [11] A more detailed topological consideration reflects the different binding arrangement of the benzoate groups of the BTEB ligands in TCM-10 ( Figure 2 [15] and that distinctively differs from the nets in TCM-4
and -8. The corresponding augmented analogue can be represented by the point symbol 3.16 BTEB moieties destroys the network structure above ca. 280 º C (Supporting Information).
Considering that TCM-10 forms in a product mixture, theoretical calculations were conducted to evaluate the possible surface areas and gas storage abilities of TCM-10 and to compare these with TCM-4/8. A theoretical approach that calculates the largest solid sphere that can be inserted into the cavities whilst avoiding any overlap with framework atoms was used to determine the pore size distribution (PSD). [16] This analysis confirmed that TCM-10 contains well-defined micropores with cross-sectional diameters of ca. 12.3 Å and smaller, narrow cavities of ca. 9.8 Å in diameter (Figure 2c ). This pore-size characteristic is distinctively different to that of the corresponding dual interpenetrated pto and tbo structures that contain either distinct micropores of 12.3, 14.5 and 18.5 Å in diameter (TCM-8) or larger defined pores with diameters > 20 Å (TCM-4 or TCM-4'). [14a,b] The accessible surface area for the fully desolvated structure of TCM-10 of ca. 3850 m 2 /g was calculated by 'rolling' a nitrogen-sized sphere (diameter = 3.31 Å) along the surface of the framework atoms. [17] The value is noteworthy considering the triple interpenetrated nature of the compound. It is in fact closely comparable with that of the dual interpenetrated pto structure, but significantly lower than the surface area of the corresponding tbo structure. The BET surface area of the fully de-solvated TCM-10 was calculated to be 3904 m 2 /g (see Supporting Information). In-line with the calculated surface areas and He pore volume (1.65 cm 3 /g), the maximum nitrogen capacity of TCM-10 is ca. 45 mmol/g (Figure 2d ). The structure gives rise to a type-I adsorption isotherm whereby the low-pressure N2 uptake is reduced in comparison to TCM-4 or TCM-8. [18, 14] Table 1 compares the void volumes and calculated accessible theoretical surface areas of the three {Cu2}/BTEB framework isomers. The variable BTEB connectivities result in closely related Cu/BTEB frameworks, each with its distinct pore sizes, surface areas and structural descriptors. One might remark that these Cu/BTEB framework isomers are not directly inter-convertible. In the triple interpenetrated TCM-10 structure, each individual single net occupies ca. 10% of the entire unit cell volume, indicating the achievable void volumes of the as yet hypothetical dual interpenetrated or single network structures are very large. Similarly, considering that the individual nets in TCM-10, -8 and -4 occupy closely comparable volumes, one can conclude that the observed type of topology gives rise to an intermediate intrinsic surface area which is larger than that of the corresponding pto network but lower than that of the tbo network.
Conclusions
In summary, we describe the synthesis and structure of a new highly augmented {Cu2} 'paddlewheel'-based MOF that is stabilized by BTEB linkers. TCM-10 reveals an uncommon, lesssymmetrical (3,4)-connected net topology, thus represents a rare and new framework isomer to the extensively studied pto and tbo analogues. The ethynyl moieties of the BTEB linkers not only result in an augmented structure, moreover, they impart rotational flexibility of the benzoate groups through the separation of the phenyl rings. The topological and structural analysis of TCM-10 demonstrates that this flexibility is key for the structural diversity of this system allowing the concomitant formation of three distinct framework isomers using a single tri-topic, triangular ligand. Thus, the BTEB linker distinguishes itself from other smaller tritopic benzoates that have previously been used to prepare {Cu2} based MOFs. For instance, in the geometrically restrained benzenetribenzoate (BTB) linker planarity of the phenyl rings is hampered by the close contacts of H-atoms, thus stabilizing the pto-topology in MOF-14. Computational analyses suggest that the observed structure in TCM-10 gives rise to a very high surface area, despite the triple interpenetrated nature of the compound. The observed topology may be regarded as an 'intermediate' between the tbo and pto topologies resulting in higher intrinsic surface areas than the corresponding pto structures but lower surface areas than the tbo structures. TCM-10 co-crystallizes with its isomers and future studies will focus development of synthetic strategies to produce phase-pure samples of this MOF.
Experimental Section
1,3,5-Benzene-tris-ethynylbenzoic acid (BTEB) was synthesized according to a literature method. [19] The topology of TCM-10 was determined with help of the program package ToposPro 5.0. [20] Details of the computational and topological analyses are provided in the supporting information. 
